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Abstract

:

Large-aperture space optical systems are important tools for observing our planet and conducting deep-space scientific research. More requirements have been put forward for large-aperture optical systems as the depth and breadth of related applications continue to increase. However, achieving the desired surface accuracy on lightweight materials for large-aperture mirror brings higher demands on relevant processing technologies, which increases the processing difficulty, cycle, and cost of large-aperture optical systems. Therefore, it is necessary to develop a new optical system technique with high tolerance for primary mirror machining errors to significantly reduce its machining accuracy requirements. This paper proposes a new optical system technique which introduces a small-aperture free-form surface into the large-aperture optical system’s post optical path. By combining the freeform correction and its misalignment on the system’s aberrations, the system’s wavefront can be adjusted to correct the wavefront distortion caused by the primary mirror’s machining errors. This reduced the machining accuracy requirements of the large-aperture primary mirror by about one order of magnitude, and high-quality imaging with a low-precision primary mirror is achieved.
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1. Introduction


Large-aperture space telescopes are vital tools for observing the universe, and higher resolution is required to meet the increased scientific demands. The resolution of a telescope depends largely on the aperture of its primary mirror, which determines the amount of energy collected and the level of detail that can be resolved. However, increasing the aperture of the primary mirror results in significant manufacturing difficulties, longer cycles, and higher costs [1,2,3,4]. Moreover, lightweight design is necessary for large-aperture space telescopes, which increases the possibility of primary mirror deformation during the manufacturing process. Thus, it is challenging to achieve the expected machining accuracy. Taking the Hubble Space Telescope as an example, it had a budget of more than 1.5 billion dollars and a manufacturing cycle of over ten years, yet it still experienced image blurring due to the machining errors. Despite the extensive research on various polishing processes [5,6,7], these problems still cannot be fundamentally solved. Therefore, it is crucial to develop new optical system techniques to reduce the requirements for machining accuracy.



The reduction in the accuracy requirement leads to the existence of machining errors on the primary mirror, which can be possibly compensated for by element misalignment. When optical elements are misaligned, the center of the aberration field will shift, thus leading to the additional aberrations and a decrease in the optical system’s image quality [8,9]. Conversely, the additional aberrations resulted from the element misalignment can compensate for the system aberrations caused by primary mirror machining errors. Therefore, misalignment is used as a pose compensation method in this paper. Based on the nodal aberration theory [8,9], a portion of the aberrations can be corrected by pose compensation.



Due to the limitations of pose compensation in correcting specific aberrations and inspired by the Hubble Space Telescope restoration strategy [10,11,12], we further proposed the post optical freeform compensation technique for machining errors of large-aperture primary mirror in this paper.



Freeform surfaces which require more surface parameters to describe are more flexible than traditional rotationally symmetric surfaces, thus providing more optical design freedoms [13,14,15]. Due to their unconstrained nature, freeform surfaces are particularly suitable for correcting optical system aberrations. Replacing one of the small-aperture post optical elements with a freeform surface can correct the system aberrations, which makes it an effective way to achieve high image quality with a low-precision primary mirror.



Since freeform surfaces are located far away from the stop aperture, it will introduce the additional field-related aberrations [16,17,18]. In order to compensate for machining errors of the primary mirror, the correct mirror requires more freeform terms, which will lead to a larger departure from the base surface. According to the analysis of nodal aberration theory, the freeform compensation method is more suited for correcting astigmatism. Adding the astigmatism terms to the freeform surface does not introduce the additional field-related aberrations. In contrast, pose compensation has advantages in correcting coma. Therefore, combining the two compensation methods not only can further improve the compensation effect, but also can reduce the departure of the freeform surface as well as its machining difficulty.



Through the simulations of the optical system, the feasibility of the compensation technique has been verified. It can solve the technical drawbacks of high difficulty, long cycle, and high cost in machining high-precision large-aperture primary mirrors at the system level.




2. Analysis of Correction Ability of Different Compensation Methods


During the manufacturing process of large-aperture primary mirrors, material surface defects and residual errors will lead to deviations between the actual surface height and its design value. According to different spatial frequency regions, machining errors are divided into figure errors, mid-spatial frequency errors, high-spatial frequency errors, and roughness. This paper primarily focuses on the compensation of figure errors. Take the Ritchey–Chrétien (R–C) optical system as an example, the primary mirror with machining errors is represented by the polynomial surface type using Equation (1).


  z 1  (  x , y  )  = g 1  (  x , y  )  + h 1  (  x , y  )   



(1)






  g 1  (  x , y  )  =   c  (   x 2  +  y 2   )    1 +   1 −  (  k + 1  )   c 2   (   x 2  +  y 2   )       



(2)




where z1 is the sag of the surface, g1 is the base surface, c is the vertex curvature, k is the conic constant, and h1 is the departure of the base surface represented by Fringe Zernike polynomial. Zernike polynomials correspond to optical aberrations and are widely used in freeform surface fitting, wavefront analysis, and system aberration evaluation. They provide convenience for the analysis of nodal aberration theory.



The main primary machining errors are low-order surface shape errors, including spherical aberration, coma, and astigmatism. It can be represented by the corresponding Fringe Zernike terms. The 5th to 8th terms are third-order astigmatism and coma in different directions, and the 9th is spherical aberration [19].



2.1. Pose Compensation for Machining Errors of Primary Mirror


	(1)

	
Pose compensation in R–C optical system







The R–C optical system is composed of two rotationally symmetric conic mirrors. Because the primary mirror locates at the stop surface, the beam footprints on it are all the same for all field points. Machining errors on the primary mirror only result in the same type of field-constant (FC) aberrations.



Thompson et al. [8,9] analyzed the impact of the secondary mirror misalignment on the R–C optical system. The additional aberrations caused by the misalignment element are shown in Table 1. By adjusting the tilt and decenter of the secondary mirror, the misalignment-induced FC coma can be corrected. Similarly, the machining errors of the primary mirror contribute to the same FC coma in the optical system. The FC coma induced by the machining errors of the primary mirror can also be corrected by adjusting the tilt and decenter of the secondary mirror.



In Table 1,       σ  →    j     represents the aberration field center vector of off-axis elements,     ρ  →    represents the normalized two-dimensional pupil vector,     W   222 j     represents the third-order astigmatism contribution of the jth surface, and     W   131 j     represents the third-order coma contribution of the jth surface.



Only considering the coma of the primary mirror, the coma magnitude of the system can be deduced according to the system wavefront Zernike coefficients, thus


   W  131     H →  0  − [    (   W  131    )   2    σ →  2  +   (  W  131   )   2 A     σ →   2 A   ] = 3    Z 7 2  +  Z 8 2     e  i [ t  g  − 1   (    Z 8     Z 7    ) ]    



(3)




where     W   131     represents the third-order coma contribution of the whole system,       H  →    0     represents the normalized two-dimensional field vector,       σ  →    2     and       σ  →    2 A     represent the aberration field center vectors of base sphere and aspheric departure respectively,         W   131       2     represents the third-order coma contribution of base sphere of the secondary mirror,         W   131       2 A     represents the third-order coma contribution of the aspheric departure, and     Z   7    ,     Z   8     are the system wavefront Fringe Zernike astigmatisms in different directions.



In this regard, the coma machining error of the primary mirror can be corrected by adjusting the pose of element to minimize additional astigmatism, as shown in Equation (4).


  − 2   H →  0  [    (   W  222    )   2    σ →  2  +   (  W  222   )   2 A     σ →   2 A   ] +   H →  0  [    (   W  222    )   2    σ →  2    2  +   (  W  222   )   2 A     σ →   2 A     2  ] = 0  



(4)




where         W   222       2     represents the third-order astigmatism contribution of base sphere of the secondary mirror and         W   222       2 A     represents the third-order astigmatism contribution of the aspheric departure.



The R–C system has zero third-order coma contribution, so     W   131   = 0  , and the high-order terms which have little effect on aberrations in Equation (4) can be ignored. Therefore,


  − [    (   W  131    )   2    σ →  2  +   (  W  131   )   2 A     σ →   2 A   ] = 3    Z 7 2  +  Z 8 2     e  i [ t  g  − 1   (    Z 8     Z 7    ) ]    



(5)






     (   W  222    )   2    σ →  2  +   (  W  222   )   2 A     σ →   2 A   = 0  



(6)







In the R–C system where the primary mirror is the aperture stop, the spherical and aspheric coma contributions of the secondary mirror generally have the same sign, while the sign of the astigmatism contribution is opposite.



When the result of Equation (6) is required to be zero,       σ  →    2     and       σ  →    2 A     have the same direction, and the direction is the same as the coma direction in Equations (1)–(5). The misalignment of the element can be deduced by the relationship between the aberration field center vector and the tilt/decenter [20].



Misalignment of the secondary mirror introduces additional aberrations to the system, including additional FC coma, FAFL astigmatism, and FC astigmatism, as summarized in Table 1. However, in comparison to the first two aberrations, the contribution of additional FC astigmatism can be neglected, and thus cannot be used to compensate for the astigmatism machining error.



	(2)

	
Pose compensation in three-mirror optical system







The coaxial three-mirror optical system is composed of three rotationally symmetric conic mirrors. Compared with the R–C optical system, the three-mirror system has more degrees of freedom. To eliminate the machining errors of the primary mirror, there are two surfaces which can serve as correct mirrors. The addition of off-axis optical components does not alter the type of aberrations and does not significantly improve the correction ability. Therefore, compensating for system aberrations through the pose changes of the individual component is a better choice.



Inspired by the James Webb Space Telescope system [21,22], the coaxial field-bias three-mirror optical system is shown in Figure 1, whose primary mirror aperture is 6600 mm. By comparing the Zernike wavefront coefficients of the system after the misalignments of different mirrors, the secondary mirror is selected as the correct mirror, because it is more sensitive to off-axis changes.



The sign changes of the base sphere and aspheric departure aberration contributions of the secondary mirror in the three-mirror system are consistent with those of the R–C system. This provides the system with the same compensation ability for coma machining errors as the R–C system without introducing additional field-linear astigmatism.



The three-mirror optical system adopts a vertical field-biased design, with the central field of view (FOV) of (0°, 0.16°) and a full FOV of 0.1° × 0.1°. Compared with the R–C system, the characteristic of the three-mirror system’s aberration field provides the possibility of correcting astigmatism. To observe its characteristics, Figure 2a shows the full-field display (FFD) of astigmatism after the secondary mirror was rotated around the x-axis by −0.1°, and the FOV is enlarged to 0.5° × 0.5°. Misalignment of the component results in field-linear astigmatism, as shown in Table 1. The red box in Figure 2a represents the applied FOV of system with a range of 0.1° × 0.1°, which is shown in Figure 2b in detail. In the FFD of Figure 2b, the asymmetric characteristics of the FAFL astigmatism are reduced, and the linear characteristics are more significant. Figure 2c shows the FFD of the system astigmatism after adding y-direction astigmatism machining error to the primary mirror. Comparing Figure 2b with Figure 2c, they have almost the same direction. Thus, it can be seen that the additional field-linear astigmatism can partly compensate for the system FC astigmatism caused by machining errors.



Ignoring the asymmetry of astigmatism in Figure 2b, the linear astigmatism caused by the components misalignment and the FC astigmatism caused by the machining errors are described in a two-dimensional way shown in Figure 2d. The red line represents the magnitude of linear astigmatism caused by the pose variation of component, while the height of the blue box represents the magnitude of the system FC astigmatism caused by the machining errors of the primary mirror, and the width of the blue box represents the FOV of y-direction. Because the two aberrations have opposite values, the astigmatism of the shaded area cancels each other out, and part of the astigmatism in the full FOV is corrected.



Substitute the normalized field     H  →  ( 0 , 1 )   (namely (0°, 0.21°)) into Equation (6). The magnitude of the field-linear astigmatism at the maximum field is equal to the FC astigmatism caused by the machining errors. The FC astigmatism is represented by Zernike terms, as shown in Equation (7).


     (  −    (   W  222    )   2   σ  2 y   −   (  W  222   )   2 A    σ  2 A y    )   i →  +  (     (   W  222    )   2   σ  2 x   +   (  W  222   )   2 A    σ  2 A x    )   j →      = −    Z 5 2  +  Z 6 2     e  i [ t  g  − 1   (    Z 6     Z 5    ) ]      



(7)







    Z   5    ,     Z   6     are the system wavefront Fringe Zernike comas in different directions.



Combined with Equation (5), part of the astigmatism can be corrected while correcting the system coma. Comparing Figure 2e with Figure 2f, the corrected astigmatism is reduced to approximately half of its original value, which is consistent with the prediction.



It should be noted that pose compensation can only employ to correct the standalone coma machining errors. Only under certain conditions can it correct both coma and astigmatism machining errors simultaneously. Besides, pose compensation can only correct part of the aberrations, lacking better compensation for the machining errors of the primary mirror. So, a more comprehensive method is needed to improve the correction ability for the machining errors. Therefore, this paper further proposed the post optical freeform compensation technique for machining errors of the large-aperture primary mirror. By introducing small-aperture freeform optical elements in the system, the system wavefront distortion caused by the machining errors of the large-aperture primary mirror can be corrected [23].




2.2. Freeform Compensation for Machining Errors of Primary Mirror


When the primary mirror at the aperture stop contains machining errors, it brings additional aberrations to the system. With the flexible character of the freeform surface, the system aberrations can be corrected effectively. Based on the nodal aberration theory, the compensating ability of the freeform surface is analyzed.



Taking a more representative three-mirror optical system as an example, when the low-precision primary mirror introduces the FC astigmatism, coma, and spherical aberration to the optical system, corresponding Zernike polynomials can be added to one of the other small-aperture elements to compensate for the machining errors.



However, any surface far away from the stop position will introduce the relative beam displacement   Δ   h  →    (see Equation (8)).


  Δ  h →  =  (     u ¯  t  y   )   H →   



(8)




where     u  ¯    is the paraxial chief ray angle,   t   is the distance between the correct mirror and the aperture stop, and   y   is the paraxial marginal ray height on the correct mirror.



The vector will introduce additional field-related aberrations to the optical system.


  W  (  ρ →  )  ⇒ W  (   ρ →  + Δ  h →   )   



(9)







The main aberration contributions of freeform surface away from the stop position are shown in Table 2 [16,17,18].   Δ     h  →    *     is a conjugate vector of   Δ   h  →   ,     B   222   2     is related to the magnitude of Zernike astigmatism and represented by Z5/Z6,     A   131     is related to the magnitude of Zernike coma and represented by Z7/Z8, shown in [17], and     W   040 A     represents the aspherical aberration contribution.



The Zernike astigmatism on the surface introduces FC astigmatism and tilt, the latter of which does not affect the image quality and thus can be disregarded.



Table 2 indicates that the addition of Zernike astigmatism only results in a single aberration, regardless of whether it is added on or away from the stop surface. Therefore, the system astigmatism is the easiest machining error to correct by the freeform surface.



Adding a coma term to a surface after the stop results in some amount of FC coma, FAFL astigmatism, and focal plane tilt, and the spherical aberration term brings more complex additional types of aberrations. That means that additional field-related aberrations will appear when compensating for the machining errors of the primary mirror. According to the expression of the relative beam displacement   Δ   h  →   , the additional field-related aberration values will increase as the optical element moves away from the position of the stop. Except for correcting the primary mirror’s machining errors, more freeform terms are needed to correct the additional field-related aberrations introduced by the correct mirror itself, and it is difficult to correct them with the single freeform surface when their values are too large.



When the primary mirror only contains the coma machining error, the error can be compensated for by adding the Zernike coma terms to the other mirrors. Figure 3 compared the FFDs of system astigmatism after adding the Zernike coma to the tertiary mirror and the secondary mirror, respectively. According to the analysis above, the tertiary mirror which is farther away from the aperture stop position will introduce more significant FAFL astigmatism. Thus, it will lead to severe degradation of the system astigmatism which is difficult to correct, as shown in Figure 3b. Since the secondary mirror is closer to the stop position, the additional FAFL astigmatism in Figure 3d is smaller, the effect of which can be minimized by increasing the number of freeform terms.



To verify the feasibility of the freeform compensation method mentioned above, compensation simulations are conducted on an optical system with the large-aperture and low-precision primary mirror. The machining errors of the primary mirror are shown in Table 3, with normalized radius of its half diameter. The freeform departure is calculated as   R M S =      ∑  m = 1   K        h 1 − P     2       K     , where h1 is the departure of the base surface, and P is the piston (Z1 of Zernike terms).



For the three-mirror optical system, the image quality of the system with and without the machining errors to the primary mirror is shown in Figure 4a and Figure 4b, respectively. The RMS spot diameters of all the fields shown in Figure 4b are larger than the Airy disk diameter, which means that a high-quality image cannot be achieved by this way. After adding machining errors, the RMS departure of primary mirror is 0.137λ, where λ = 1 μm.



Due to the lots of field-related aberrations which are difficult to correct, the tertiary mirror cannot effectively compensate for the primary mirror machining errors, resulting in poor image quality.



When the secondary mirror is selected as the compensating mirror, it is replaced by a freeform surface represented by the 15-term Fringe Zernike polynomial. By direct optimization via the optical design software, the surface RMS is 7.560λ, as shown in Figure 5a. The image performance is shown in Figure 5b, in which the spot size is smaller than the Airy disk diameter, and the compensation effect is obvious.



The fourth plane mirror is located near the exit pupil position. When it is chosen as the correct mirror, the influence of the relative beam displacement   Δ   h  →    will be eliminated greatly. As the conjugate surface of the stop, the additional field-related aberrations at the exit pupil can be minimized. Figure 5c,d show the surface shape of the fourth mirror and its spot diagram when it is used as the correct mirror. The results show that both the second mirror and the fourth mirror can achieve good image performance. However, the compensation effect of the fourth mirror is better than that of the second mirror due to the special position of the former, and its freeform departure (RMS = 0.153λ) is smaller. Unfortunately, there is no mirror near the exit pupil for ordinary large-aperture optical systems. In such cases, it is more common to use the nearest secondary mirror as the freeform surface. A more effective method is still needed to compensate for the machining errors of the primary mirror and reduce the freeform departure of the correct mirror.





3. Combination of Freeform Compensation and Pose Compensation


In the previous section, the ability of two compensation methods for correcting the machining errors of the primary mirror are analyzed using the nodal aberration theory. While pose compensation can correct coma machining errors without introducing additional aberrations, its correction ability is limited. Conversely, the flexibility of the freeform surface has a strong ability to correct system aberrations caused by primary mirror machining errors, but its effectiveness is limited to the case of small FOV and may result in significant freeform departures of the base surface. According to the analysis, it is found that only the Zernike astigmatic can be added to any position without introducing additional field-related aberrations, and the freeform compensation is better at correcting astigmatism machining errors of primary mirror. By combining their respective advantages, it is possible to reduce the restriction of FOV and further improve the compensation effect. Besides, it can also reduce the freeform departure of the surface, so the corresponding difficulty in fabrication can be released.



3.1. Compensate for Specific Machining Errors


In some specific cases, where the primary mirror’s machining errors are mainly coma and astigmatism (as shown in Figure 6a), the superiority of combining the two methods can be fully demonstrated. Adding the Zernike astigmatism terms on the correct mirror and changing its pose can compensate for the primary mirror’s astigmatism and coma machining errors, respectively.



The secondary mirror was selected as the correct element. After adding coma and astigmatism machining errors (see Table 3) on the primary mirror, the system’s optical performance is shown in Figure 7a–c. The combination of the two methods mentioned above is used to compensate for the machining errors. Firstly, the Zernike astigmatic terms (Z5 and Z6) are added to the secondary mirror to correct the primary mirror’s astigmatism machining errors. Compared to the 15 Zernike coefficients required for the freeform compensation method, the addition of two astigmatic terms significantly reduces the complexity of optimization. The system aberration of astigmatism is restored to the level before adding the machining errors, as shown in Figure 7d. The values of Z5 and Z6 on the secondary mirror are −2.94237 × 10−4 and −4.36035 × 10−4, respectively.



Next, by changing the pose of the secondary mirror, as shown in Table 4, the full-field coma in Figure 7e is reduced by one order of magnitude, and the system coma has been effectively corrected.



Since no field-related aberrations are introduced during the compensation of the coma and astigmatism machining errors, the RMS departure of the secondary mirror is 0.162λ, much smaller than the departure (6.120λ) when compensated only through the freeform surface, as shown in Figure 6b. The spot diagram of the system after compensation is shown in Figure 7f. To keep the RMS spot diameters smaller than the Airy disk diameter, the x/y decenter tolerance of the secondary mirror is analyzed, which is ±10 µm relative to the ideal values shown in Table 4. The tolerances for the tilt/decenter of the secondary mirror are consistent with the initial optical system without primary mirror machining errors.



Hence, a high-quality image is achieved under low primary mirror machining accuracy, and the machining difficulty of the freeform surface is also reduced at the same time.




3.2. Compensate for Multiple Machining Errors


When the primary mirror contains multiple machining errors, spherical aberration machining error can only be compensated for by the freeform surface and will produce the additional field-related aberrations. The coma machining errors can still be corrected by pose compensation, reducing the use of freeform coma terms and the corresponding additional field-related aberrations, and thus minimizing the freeform departure of the surface.



The secondary mirror was selected as the correct element. After optimizing both the pose and the 15 Zernike coefficients of the secondary mirror, the result is shown in Figure 8, with the RMS departure of 6.710λ. Compared with the compensation results shown in Figure 5b, there is a certain improvement in the freeform departure and the image quality.





4. Discussion


In this paper, we employ different methods to compensate for the machining errors of the primary mirror. The effect of pose compensation is analyzed first. We discuss the compensation ability of post optical elements by adjusting the pose of which for primary mirror machining errors in the R–C optical system and coaxial three-mirror optical system. The results indicate that adjusting the tilt/decenter of the secondary mirror can compensate for the coma machining error of the primary mirror and partially compensate for the astigmatism component in the coaxial field-bias three-mirror optical system. To enhance the compensation ability, we proposed the freeform compensation method for machining errors of the primary mirror. Compensation studies are conducted on the coaxial three-mirror optical system, demonstrating that the post optical freeform elements can correct multiple types of system aberrations caused by the primary mirror machining errors.



By combining the two compensation methods, system aberrations caused by primary mirror machining errors are corrected more effectively. When compensating for coma and astigmatism machining errors, the RMS departure of the correct mirror is 0.162λ. Compared to considering only freeform compensation, where the RMS departure is 6.120λ, its value is reduced by about one order of magnitude.



In large-aperture space telescopes, based on the similar compensation principle, active optics is commonly used to correct figure errors caused by gravity, thermal changes, manufacturing, etc. Although the active optics technique can reduce the requirements for machining accuracy, implementing the technique directly on large primary mirrors presents significant engineering challenges.



The technique in this paper, by compensating for the primary mirror machining errors using a small secondary mirror, changes the traditional approach of independently manufacturing optical elements. It offers a system-level solution to reduce the difficulty of manufacturing large-aperture primary mirrors and has important research significance.




5. Conclusions


In this paper, in order to reduce the machining accuracy requirements for the large-aperture primary mirror, we proposed a novel post optical freeform compensation technique for machining errors of primary mirrors. Simulations of the optical systems indicate that if the large-aperture primary mirror contains only coma machining errors and a small amount of astigmatism, system aberrations can be corrected by only adjusting the pose of other mirrors. If the primary mirror has multiple types of machining errors, freeform surface can be used to correct them effectively. By combining pose compensation with freeform surface, the freeform departure of the correct mirror and the corresponding image quality can be further improved. For some specific cases, when the primary mirror contains mainly the coma and astigmatism machining errors, the combination of these two methods can greatly reduce the influence of FOV and reduce freeform surface departure. This technique effectively transfers the complexity of the large-aperture primary mirror to the other small-aperture elements, which solves the problems of high machining difficulty, long cycle, and high cost in the large-aperture optical systems.
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Figure 1. Layout of coaxial three-mirror optical system. 






Figure 1. Layout of coaxial three-mirror optical system.
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Figure 2. (a) FFD of larger 0.5° × 0.5° FOV at     T   2 x   = − 0.1  °, and the red box is the applied field range of 0.1° × 0.1°. (b) FFD of astigmatism of the red box. (c) FFD of astigmatism after adding y-direction Zernike astigmatism to the primary mirror. (d) Comparison between simplified linear astigmatism caused by misaligned element and FC astigmatism caused by primary mirror machining error. (e) FFD of astigmatism before pose compensation. (f) FFD of astigmatism after pose compensation. 
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Figure 3. FFDs of system aberrations after adding Zernike coma on tertiary mirror: (a) Coma. (b) Astigmatism; FFDs of system aberrations after adding Zernike coma on secondary mirror. (c) Coma. (d) Astigmatism. 
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Figure 4. Image quality of the three-mirror optical system: (a) Spot diagram before adding machining errors. (b) Spot diagram after adding machining errors. 
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Figure 5. (a) Freeform surface shape of the secondary mirror after compensation. (b) Spot diagram after secondary mirror compensation. (c) Freeform surface shape of the fourth mirror after compensation. (d) Spot diagram after fourth mirror compensation. 
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Figure 6. (a) Machining errors of a 300 mm aperture primary mirror. (b) Freeform surface shape of the secondary mirror after compensation. 
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Figure 7. Optical performance after adding machining errors on primary mirror: (a) FFD of system astigmatism. (b) FFD of system coma. (c) Spot diagram; Optical performance after freeform compensation and pose compensation: (d) FFD of system astigmatism after adding Zernike astigmatism on secondary mirror. (e) FFD of system coma after pose compensation of secondary mirror. (f) Spot diagram. 
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Figure 8. (a) Freeform surface shape of the secondary mirror after compensation. (b) Spot diagram after secondary mirror compensation. 
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Table 1. Additional aberration contributions of the misalignment element.






Table 1. Additional aberration contributions of the misalignment element.





	Additional Aberration Contributions
	Types of the Additional Aberrations





	    [  −  H →   (    ∑ j    W  222 j     σ →  j     )  +  1 2    ∑ j    W  222 j     σ →  2    j     ]  ⋅   ρ →  2    
	Field asymmetric, field-linear (FAFL) astigmatism, FC astigmatism



	   −  (    ∑ j    W  131 j     σ →  j    ⋅  ρ →   )   (   ρ →  ⋅  ρ →   )    
	FC coma
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Table 2. Aberration contributions of freeform surface away from the stop position.
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	Zernike Terms
	Aberration Contributions
	Types of the Aberrations





	Z5/Z6
	    1 2   (    B →  2     222   ⋅   ρ →  2  + 2   B →  2     222   Δ   h →  *  ⋅  ρ →   )    
	FC astigmatism, tilt



	Z7/Z8
	    (    A →   131   ⋅  ρ →   )   (   ρ →  ⋅  ρ →   )  +   A →   131   Δ  h →  ⋅   ρ →  2  + 2  (    A →   131   ⋅ Δ  h →   )   (   ρ →  ⋅  ρ →   )    
	FC coma, FAFL astigmatism, and focal plane tilt



	Z9
	      W  040 A     (   ρ →  ⋅  ρ →   )  2  + 4  W  040 A    (  Δ  h →  ⋅  ρ →   )   (   ρ →  ⋅  ρ →   )      + 4  W  040 A    (  Δ  h →  ⋅ Δ  h →   )   (   ρ →  ⋅  ρ →   )  + 2  W  040 A    (  Δ   h →  2  ⋅   ρ →  2   )      + 4  W  040 A    (  Δ  h →  ⋅ Δ  h →   )   (  Δ  h →  ⋅  ρ →   )  + 4  W  040 A     (  Δ  h →  ⋅ Δ  h →   )  2      
	Spherical aberration, coma, defocus, astigmatism, and distortion
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Table 3. Machining errors of the primary mirror.






Table 3. Machining errors of the primary mirror.





	Terms
	Zernike Polynomial
	Coefficients





	Z5
	    ρ 2  cos  (  2 θ  )    
	−2.44261 × 10−4



	Z6
	    ρ 2  sin  (  2 θ  )    
	−3.55634 × 10−4



	Z7
	    (  3  ρ 2  − 2 ρ  )  cos θ   
	−6.13816 × 10−5



	Z8
	    (  3  ρ 2  − 2 ρ  )  sin θ   
	−4.68270 × 10−5



	Z9
	   6  ρ 4  − 6  ρ 2  + 1   
	−4.00117 × 10−5
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Table 4. Pose compensation value of secondary mirror.






Table 4. Pose compensation value of secondary mirror.





	Pose Variation
	      D   x   ( m m )    
	      D   y   ( m m )    
	      T   x   (  °  )    
	      T   y   (  °  )    





	Compensation value
	0.0190
	0.0147
	1.1500 × 10−4
	−1.5200 × 10−4







where     D   x    ,     D   y     are decenters in x-direction and y-direction of the secondary mirror, respectively, and     T   x    ,     T   y     are tilts in x-direction and y-direction of the secondary mirror, respectively.
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